arXiv:l502.07166v2 [physics.bio-ph] 20 Jan 2016 


Solitary electromechanical pulses in Lobster neurons. 
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ABSTRACT Investigations of nerve activity have focused predominantly on electrical phenomena. Nerves, however, are 
thermodynamic systems, and changes in temperature and in the dimensions of the nerve can also be observed during the action 
potential. Measurements of heat changes during the action potential suggest that the nerve pulse shares many characteristics 
with an adiabatic pulse. First experiments in the 1980s suggested small changes in nerve thickness and length during the 
action potential. Such findings have led to the suggestion that the action potential may be related to electromechanical 
solitons traveling without dissipation. However, they have been no modern attempts to study mechanical phenomena in 
nerves. Here, we present ultrasensitive AFM recordings of mechanical changes on the order of 2 - 12 A in the giant axons of 
the lobster. We show that the nerve thickness changes in phase with voltage change. When stimulated at opposite ends of the 
same axon, colliding action potentials pass through one another and do not annihilate. These observations are consistent with 
a mechanical interpretation of the nervous impulse. 
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Introduction 

It is not generally appreciated that the size of the nervous im¬ 
pulse is remarkably large. A myelinated motor neuron has a 
pulse velocity on the order of 100 m/s. Given a typical pulse 
duration of 1 ms, the resulting size of the nerve pulse is 10 cm. 
Propagation velocities in slow, non-myelinated fibers are re¬ 
duced to 1-10 m/s, indicating a pulse size of 1-10 mm. Thus, 
nerve pulses are macroscopic phenomena spanning a signif¬ 
icant fraction of the total axon length. In some cases they 
can even be larger than small neurons such as interneurons 
that are only a few 100 /rm long ffl. In the past, the activity 
of nerves has conventionally been considered to be a purely 
electrical phenomenon produced by the flux of ions and the 
charging of the membrane capacitor I©. The shear size of 
a nerve pulse suggests that the macroscopic thermodynamic 
properties of the nerve membrane or of the entire nerve ought 
to be taken into account. It is to be expected that the state of 
the nerve cell depends not only on electrochemical potentials 
and the conjugated flux of ions but also on all other thermody¬ 
namic forces including variations in lateral pressure (resulting 
in changes of membrane area and thickness) and temperature 
(resulting in heat flux). It is therefore not surprising that, dur¬ 
ing the action potential, one finds changes not only in voltage 
but also in thickness (jTHhji, length (0 0 as well changes in 
membrane temperature ®SD. The change of thickness of a 
single squid axon was found to be on the order of 1 nm, and 
temperature changes range between 1-100 pK depending on 
the specimen. While both mechanical and thermal signals 
are very small, they are found to be in phase with voltage 
changes. The heat signal can be blocked by neurotoxins such 
as tetrodotoxin CD- This strongly suggests that these ther¬ 
modynamic phenomena are correlated with the voltage pulse 
and do not represent independent secondary phenomena. 

From a thermodynamic viewpoint, one can consider two 
extreme cases of possible dynamic changes associated with 
the action potential: 1. Purely dissipative processes during 
which entropy increases, such as the flow of ions along con¬ 


centration gradients. Such processes form the basis of the 
Hodgkin-Huxley model for the action potential. 2. Adia¬ 
batic processes that do not dissipate heat and thus conserve 
entropy. These phenomena are rather governed by the laws 
of analytical mechanics. They play an important role for dy¬ 
namic properties such as sound propagation. In this context, 
the heat changes observed in nerves are of fundamental inter¬ 
est. It was found that heat is released during an initial phase 
of the action potential and that this heat is reabsorbed in the 
final phase of the action potential. During the nerve pulse 
no heat (or only very little) is dissipated, and the entropy of 
the membrane is basically conserved ®HD. Thus, thermal 
measurements suggest that the action potential is an adiabatic 
phenomenon reminiscent of a sound wave. As early as 1912, 
the striking absence of heat production led Hill to conclude: 
‘This suggests very strongly ... that the propagated nervous 
impulse is not a wave of irreversible chemical breakdown, but 
a reversible change of a purely physical nature ’ Q2>. In con¬ 
trast, the contemporary understanding of the nerve pulse is 
based on the flow of ions along gradients through ion channel 
proteins © and therefore assumes that it is of a dissipative 
nature. Hodgkin himself compared it to the ‘burning of a fuse 
of gunpowder’ <im There is thus a disagreement between 
electrophysiological models and some thermodynamics find¬ 
ings. These problems are not easily resolved and merit careful 
attention. 

The observed reversible change in temperature as well as 
mechanical changes seen in optical and mechanical experi¬ 
ments led to the proposal that the action potential is a con¬ 
sequence of an electromechanical pulse or soliton dm. A 
condition for the existence of such a soliton is the existence 
of an order transition in the membrane from solid to liquid 
slightly below physiological temperature. Such transitions 
have been found in various biological membranes dm. It 
is thought that the soliton consists of a region of ordered lipid 
membrane traveling in the otherwise liquid membrane with 
a speed somewhat less than the speed of sound in the mem¬ 
brane Glim. This is shown schematically in Fig. [T| The 
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difference in membrane thickness between the solid and the 
liquid is of order 1 nm («17% of the total membrane thick¬ 
ness). The associated reversible change in energy is related 
to the latent heat of the membrane transition and thus to the 
reversible heat production found in nerves. Since the mem¬ 
brane changes its thickness, changes in membrane voltage of 
order 50m V are to be expected as a consequence of changes 
in its capacitance 03 m. Thus, the soliton is of an elec¬ 
tromechanical or piezoelectric nature. An intrinsic feature of 
such solitons is that two colliding pulses pass through each 
other without dissipation (fl6l > rather than annihilating as ex¬ 
pected in Hodgkin-Huxley-like pulses due to the refractory 
period. In fact, the penetration of colliding nerve pulses was 
seen recently in nerves from earth worm and the ventral cord 
of lobster d 19b . The soliton model treats the pulse as a longi¬ 
tudinal compressional density change that is strongly affected 
by the presence of a phase transition in the membrane. The 
velocity of the pulse is closely related to the sound velocity 
in a liquid lipid membrane. It predicts pulse velocities close 
to 100 m/s, very similar to those in myelinated nerves. In the 
soliton model, the pulse velocity is not related to the axon 
radius, while it depends on the square root of the radius in 
the HH-model. However, there is evidence that the radius 
dependence in real nerves deviates from the latter behavior. 
For instance, Goldman (f20l) found that the 4-fold stretching 
of a single neuron (equivalent to a 4-fold decrease in radius) 
did not lower the pulse velocity. In fact, upon stretching the 
pulse velocity first increased and then stayed constant over a 
significant range of axon radii. 
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Figure 1: Schematic representation of a mechanical 
soliton traveling in a ner\>e fiber (according to UM 
Small local changes in thickness are caused by pressure- 
induced order transitions in the membrane. Red re¬ 
gions correspond to ordered lipids in the otherwise liq¬ 
uid (green) lipid membrane. In a living nerve, the spatial 
extension of the pulse is much larger than shown here. 

Changes in voltage, thickness and temperature in a soli¬ 
ton are all associated with a single phenomenon, and it is not 
appropriate to consider some of these changes as side effects 
of another dominant process. They are rather different as¬ 
pects of the same phenomenon as seen by different instru¬ 
mentation. There exists clear evidence that electromechanical 
pulses can travel on lipid monolayers close to the LE-LC tran¬ 
sition with velocities very close to those of non-myelinated 
nerves (j2Tj |22). However, there is a striking lack of experi¬ 
ments that actually demonstrate the mechanical nature of the 
nerve pulse. For this reason, the thermodynamic and mechan¬ 
ical interpretation of the nerve pulse has been widely ignored. 


Materials and methods 

Materials. In our experiments we used lobster, Homarus 
americanus, that was obtained from a local supplier that im¬ 
ported the animals from Canada. We used a lobster saline 
solution adapted from Evans et al. (l23l > 462 mM NaCl, 10 
mM KC1, 25 mM CaCl 2 , 8 mM MgCl 2 , 10 mM TRIS and 11 
mM Glucose, adjusted to pH 7.4 with NaOH. All chemicals 
used in the preparation were purchased from Sigma-Aldrich. 
Recording of the electromechanical action potential. The 
electrical signal was recorded using a Powerlab 8/35 (ADIn- 
struments Europe, Oxford, UK). It was preamplified with a 
differential amplifier DP-304 from Warner Instrument Corpo¬ 
ration with a gain xlOOO using a 3 kHz lowpass and a 10 Hz 
highpass filter. The mechanical displacement was obtained 
using an AFM, NanoWizard II from JPK (Germany). The sig¬ 
nal was fed into the PowerLab 8/35 and analyzed simultane¬ 
ously with the electrical recording without any preamplifica¬ 
tion. The AFM was mounted on the top of an inverted micro¬ 
scope Olympus 1X71 (Olympus Corporation, Japan) placed 
on an anti-vibration table TS-150 (low power, from Herzan 
LLC, USA). The full setup containing the AFM, optical mi¬ 
croscope as well as the anti-vibration table was placed in¬ 
side a Faraday cage in order to avoid external electrical noise. 
We used tipless cantilevers from Mikromasch Europe (type 
HQ:CSC37 and HQ:CSC38). The resonance frequency is 20 
kHz for the HQ:CSC37 cantilever and the force constant is 
0.3 N/m. The resonance frequency is 10 kHz for the HQ:- 
CSC38 cantilever and the force constant is 0.03 N/m. Thus, 
the resonance frequencies are outside of the range of the ex¬ 
pected signal (1-2 ps). Both cantilevers were used under 
the same experimental conditions. The recording signal fre¬ 
quency was 40 kHz for both, the electrical and mechanical 
measurement. All the experiments were performed at room 
temperature of about 22 C. 

Nerve chamber. We used two different nerve chambers. For 
the collision experiment the nerve chamber is composed by 
an array of 21 stainless steel electrodes in a longitudinal cav¬ 
ity covered by a lid in order to isolate the nerve once ex¬ 
tracted. The lid also allows to keep the nerve in a saturated va¬ 
por atmosphere to prevent the ventral cord from drying. The 
nerve chamber is a 7 x 2.5 cm block by 1 cm height made on 
Plexiglass that contains two longitudinal perforation of 1.5 
cm length by 0.5 cm wide and 0.5 cm width (fl9l> . The large 
longitudinal aperture contains an array of 21 perforations to 
allocate the stainless steel electrodes. The array was placed 
about 0.25 cm from the top of the chamber. The distance be¬ 
tween two consecutive electrodes is of 0.25 cm. The stainless 
steel electrodes have a length of about 3.4 cm and a diam¬ 
eter of 0.5 mm and were fixed in the perforation along the 
chamber by using a rubber replica casting system (Reprorub¬ 
ber, Islandia, NY) composed by a base and a catalyst from 
Flexbar Machine Corp (Islandia, NY). For the AFM experi¬ 
ment we used a variation of the previous chamber with half 
size thickness and with a small open area in the middle with¬ 
out electrodes that allows access to the AFM cantilever. 

Sample preparation. The Fobster, Homarus americanus, was 
anesthetized by keeping the animal in the freezer for about 30 
min. Once removed from the freezer the animal was placed 
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Figure 2: Outline of the mechanical experiment. A. Image of the two lobster connectives including the 
brain (top) and the subesophageal ganglion (bottom). B. Detail of a lobster connective with the lateral 
giant axon exposed. C. Schematic representation of the cross-section of a lobster connective containing a 
medial giant axon, a lateral giant axon and several small fibers. The sheath surrounding the connective is 
cut in the longitudinal direction. D. After opening the sheats, the two giant axons are exposed to the outside 
solution. Mechanical signals are recorded with a tipless AFM cantilever. The open connective is placed on 
a cell containing several pairs of electrodes to stimulate the nerve and to record the signal. The mechanical 
response is measured on a planar support in the middle of the cell. 


on the dissecting table and the legs were removed. A second 
cut was made at the beginning of the abdomen to separate the 
abdominal part from the thorax. In the thorax, we removed 
the carapace and made the extraction dorsally. The ventral 
cord is contained in a tube-like structure formed by the ex¬ 
oskeleton of the lobster and is easy to remove after break¬ 
ing the shell with scissors. The thoracic segment of the ven¬ 
tral cord including the brain was extracted as a single piece. 
Special care was taken to remove the circumesophageal con¬ 
nectives from their location surrounding the esophagus. The 
brain, circumesophageal connectives and subesophageal gan¬ 
glia was removed from the rest of the ventral cord as placed 
in a petri-dish with lobster saline solution. The basic anatom¬ 
ical features as well as the basic steps in the preparation are 
described in the literature (f24jl. 

The two circumesophageal connectives were severed at 
the level of the brain and the subesophageal ganglia (Fig. 
2A). From each circumesophageal connective we remove the 
external connective sheath to expose the main median giant 
axon (with diameters between 150 and 200 pm, cf. Fig. 2B 
and C). The preparation was transferred to the AFM nerve 
chamber with the medial giant axon facing the AFM can¬ 
tilever (Fig. 2D). For the collision experiment the external 
connective layer was not removed ensuring a longer survival 
of the nerve. One of the giant axons was cut at one or two po¬ 
sition to rule out the possibility that propagation of pulses in 
opposite directions occurs in different axons. The total length 
of the connectives used by us was ss 4-5 cm. 

Collision experiments. The collision experiment was per¬ 
formed independently using a PowerLab 26T from ADIn- 
struments. The instrument possesses an internal bio-amplifier 
that allows the recording of small electrical potential on the 


order of microvolts. The bio-amplifier contains two recording 
channels (further description see ADInstruments webpage). 
We used the Labchart software from ADInstruments in or¬ 
der to record the signals coming from the ventral cord. The 
recording frequency was 40 kHz. All experiments were per¬ 
formed at room temperature of about 22 C. 

In some experiments we cut the LG axon of the connec¬ 
tive at two locations in order to observe a collision of pulses 
in the MG axon only (cf. Fig. 4, right). In order to make sure 
that the same axon was cut twice, we performed the following 
tests: 

1. The intact connective (before removing the sheath and cut¬ 
ting the LG axon), we observed two signals from each side 
corresponding to the action potentials in the MG and LG ax¬ 
ons. 2. We performed on single cut at the one end of LG 
axon. Then, connective was tested again by stimulating at 
one end of axon before the cut and recording after cut. Only 
a single peak originating from the MG axon was observed. 
When placing the stimulation electrode behind the cut, two 
peaks from the LG and MG axons could be observed. 3. A 
second cut was made close to the other end of connective. 
When placing the stimulation electrodes before the first cut 
and the recording electrodes after the second cut, only one 
action potential originating from the MG axon was observed, 
while LG signal was absent. 

Ethical. The work described in this article has been carried 
out in accordance with the policy on the use of animals of the 
Society for Neuroscience. 


3 














time [ms] 





Figure 3: Vertical displacements as recorded by AFM. Left: Differential voltage change (A), integrated sig¬ 
nal (B) and corresponding mechanical displacement in the same neuron (C). Right: Mechanical recordings 
from six different preparations all yield mechanical changes between 0.2 and 1.2 nm. All recordings have 
a similar shape with small differences due to the size of the nerve and the precise positioning of the AFM 
cantilever. Mechanical and electrical signals were not measured at exactly the same location. In this figure, 
they have been temporally aligned. 


Results 

Mechanical changes 

Here, we present the results of experiments on the mechanical 
changes in single axons from lobster connectives. The ventral 
cord of the lobster is made of two connective strands contain¬ 
ing one lateral and one median giant axons each (LG and MG 
axons, respectively). Additionally, they contain several small 
nerve fibers. The action potentials of the giant axons can be 
clearly distinguished from those of the small fibers. The lat¬ 
ter yield much smaller signals and are excited only at higher 
voltages. The MG axon displays a larger peak amplitude and 
a larger conduction velocity as compared to the LG axon. 

We recorded the mechanical response of the giant axons 
using atomic force microscopy (AFM). Since the vertical dis¬ 
location of the axonal membrane is expected to be small, the 
surface of individual giant axons must be accessed directly by 
the AFM cantilever. In order to achieve this, the sheath sur¬ 
rounding the connective was cut open. This provides direct 
access to the single axons (a single exposed LG axon is shown 
in Fig. 2]B together with the opened connective). The exper¬ 
imental setup is described schematically in Figs. [2p and D, 
and described in detail in the Materials and Methods section. 
In brief, a tipless cantilever is placed on a single axon exposed 
from the opened connective. The open connective is placed 


on top of a cell with 21 electrodes that allow us to stimulate 
the nerve and to measure the electrical response. In the center 
of the cell, the nerve is placed on a support for the mechani¬ 
cal measurement. We stimulated the nerve periodically with 
a pair of electrodes at one end. We monitor only the vertical 
displacement of the cantilever without scanning in the x-y 
plane. The sampling rate is 40 kHz, and the response time of 
the AFM setup is about 1 ms. The experimental results are 
shown in Fig. [3](left panels). The nerve signal is recorded by 
two electrodes separated by a distance less than the width of 
the nerve pulse. Thus, in effect, the first derivative of the true 
voltage change is measured (Fig. [3]4). The integral of this 
signal is roughly proportional to the true voltage change (Fig. 
[3j3). The bottom trace is the AFM signal (Fig. [3p). In or¬ 
der to achieve a good signal-to-noise ratio we averaged over 
approximately 100 individual action potentials, excited at in¬ 
tervals of 0.2 seconds. In the experiment shown in Fig. Up, 
the vertical displacement was about 2 A. Fig. |3}l)) shows me¬ 
chanical signals from six different lobster specimens. We find 
displacements between 2 and 12 A lasting between ~2 and 4 
ms. Thus, the mechanical changes in these neurons can be 
measured in a consistent and reproducible manner. We found 
these mechanical signals consistently in all connective prepa¬ 
rations studied. Electrical recordings demonstrated that more 
than one single axon was stimulated in the recordings with 
larger voltage amplitudes. The stimulation artifact visible in 
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Figure 4: Pulse collision experiment in the median axon of the lobster connective. The top panels represent 
a schematic drawing of the connective, the position of the electrodes and of the cuts in the lateral giant axon. 
Left: The lateral giant axon was cut at one position on the orthodromic side of the recording electrodes. 
Trace A. The nerve was stimulated in orthodromic direction with the tw’o red electrodes The signal was 
recorded with the two blue electrodes. Trace B. The nerve was stimulated in antidromic direction with the 
two green electrodes and recoded with the blue electrodes. Trace C. The nerve was stimulated from both 
sides. Both pulses can be measured with the blue electrodes, suggesting that they did not annihilate upon 
collision. The dashed line is the sum of the orthodromic and the antidromic signals from traces A and B 
and is given for comparison. Right: A similar experiment in which the lateral giant axon was cut at two 
positions left and right of the recording electrodes. In this experiment, both orthodromic and antidromic 
pulses could be seen at the recording electrodes suggesting that the did not annihilate upon collision. The 
grey-shaded regions display the stimulation artifact. For experimental details see also dm 


the electrical recordings had no influence on the mechanical 
recording. This suggests that the measured displacement is 
not due to a direct influence of voltage on the cantilever. 

All of our recordings were averaged over ss 100 pulses. 
Our measurements displayed some variance of the thickness 
change between 0.15-1.2 nm, which is partially related to the 
quality of the contact between the cantilever and the neu¬ 
ronal membrane.Therefore, the displacement of 0.15 nm as 
in Fig. [3p should be regarded as a lower limit of the true dis¬ 
location. Further, the mechanical amplitude depends on how 
many neurons fire at the same time. Most recordings dis¬ 
played a displacement around 1 nm (partially shown in Fig. 
Up)- A thickness change of lnm is very significant because 
it is close to the thickness difference between a liquid and 
a solid membrane with the correct sign. This is exactly the 
change expected in the electromechanical soliton model. 

It is important to notice that we find that the mechanical 
changes are proportional to the voltage changes (see Fig. [3] 
B and C). This is consistent with an electromechanical in¬ 
terpretation of the coupling between voltage and membrane 
thickness as put forward by dTSt and (125b . However, this re¬ 
sult deviates from the data by Iwasa and Tasaki <(3] 0J who 


find that the mechanical trace resembles the first derivative 
of the voltage trace as it is typically obtained in extracellular 
recordings with two electrodes on the neuron (personal com¬ 
munication with K. Iwasa, cf. Fig. [3]A). In this respect, our 
data are not merely a confirmation of previous data but ac¬ 
tually provide new evidence. This will be discussed in more 
detail in the Discussion section. 


Pulse collision 

In a recent publication we showed that action potentials trav¬ 
eling in opposite direction in some nerves (earth worm, lob¬ 
ster ventral cords) can pass through each other upon colli¬ 
sion Whether this is a generic feature of nerves is not 
clear. In a very early experiment Tasaki showed that colliding 
pulses in single axons from sciatic nerves of toads annihilate 
(l26t . Penetration of pulses speak in favor of a mechanical 
mechanism for nerve pulse propagation. In contrast, annihi¬ 
lation favors a dissipative ion-channel based view. 

Here, we present evidence for pulse penetration in single 
axons from the connectives that were used in the mechanical 
experiment. We stimulated an action potential in orthodromic 
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and in antidromic directions. We performed experiments on 
about 20 lobsters. The voltage was chosen such that only 
one axon was exited. In about 6 experiments, we severed 
one axon of the connective in order to eliminate the possi¬ 
bility that pulses in opposite directions traveled in different 
axons (indicated in Fig. [4] top left). In an additional 3 exper¬ 
iments, we cut one axon at two different locations (indicated 
in Fig. [4] top right, see Materials and Methods section for de¬ 
tails). In these experiments, there exists only one giant axon 
between the three pairs of electrodes. Stimulation was made 
using pairs of electrodes at the ends of the axon. Propagating 
pulses were recorded with a pair of electrodes at a position 
closer to the antidromic side (indicated in Fig. [4] top left) or 
closer to the orthodromic side (indicated in Fig!"|4] top right). 
The intact giant axon (the MG fiber) was stimulated in the 
orthodromic direction (trace A), in the antidromic direction 
(trace B) and in both directions (trace C). When increasing 
the voltage it became evident that only one giant axon could 
be stimulated. Some residual activity from the small fibers 
could sometimes be seen. In the experiment shown in Fig. [TJ 
left), the antidromic signal arrives at the recording site prior to 
the orthodromic signal. When stimulated at both ends, the re¬ 
sulting trace looked similar to the sum of single orthodromic 
and single antidromic pulses indicating that the pulses pen¬ 
etrated without major perturbation. This is consistent with 
previous findings in worm axons and other axons in lobster 
dl9i ). In the experiment shown in Fig. [4] right, the antidromic 
signal arrives at the recording site after the orthodromic sig¬ 
nal. After collision, both pulses can still be seen, indicating 
that they passed through each other. We have shown that the 
same events can also be seen when nerves are inserted into 
capillaries and the nerves are complete surrounded by saline 
solution (data not shown). 

Discussion 

Here, we have reported mechanical changes in single axons 
from lobster connectives. These are the first AFM recordings 
of an action potential in a single axon, and they are probably 
the most sensitive recordings of mechanical changes in a sin¬ 
gle axon so far. We have also reported collision experiments 
in the single axons that show that action potentials traveling 
from the two ends of an axon can pass through each other 
without being annihilated. We discuss below why such find¬ 
ings are important. 

Mechanical recordings of nerve pulses were pioneered by 
Iwasa & Tasaki in the early 1980s (©|4jl. They reported dis¬ 
placements of the membrane of the squid axon on the order 
of 1 nm. While the magnitude of the displacement in our ex¬ 
periments is of the same order, the functional form of their 
displacement differs from ours. In our data the displacement 
is proportional to the voltage change in the axon, whereas 
the data by Iwasa & Tasaki are in fact proportional to the 
first derivative of the voltage. Thus, in their experiments 
the mechanical trace resembles the one shown in Fig. UN 
while our data resemble the traces shown in Fig. [3j3. Our re¬ 
sults are consistent with data by Kim et al. © on synapse 
bundles, where the mechanical changes were also found to 
be proportional to the voltage change. Optical recordings 


of dimensional changes in nerves also indicate that displace¬ 
ments are proportional to voltage © [27). This difference in 
functional form is important because Iwasa’s & Tasaki’s data 
are not consistent with the concept of electrostriction, while 
the data presented here are actually in good agreement with 
this concept (see Appendix A for details). For this reason, 
the data by Iwasa & Tasaki are also not consistent with the 
soliton model put forward in dT4j l. The origin of the devia¬ 
tion of the early mechanical data from other recordings is not 
quite clear. Later direct recordings of mechanical changes 
induced by voltage include d28l >. who determined movement 
of membranes induced by voltage changes across HEK cell 
membranes by AFM (they find a displacement proportional to 
voltage), and d29l >. who measured mechanical changes in the 
soma of rat PC 12 cells with a piezo-electric ribbon (reporting 
a force generated by a membrane proportional to voltage). 
The latter publication pointed out that AFM experiments on 
single neurons are in fact very difficult. These reports justify 
the need of studies such as presented here. 

Our experimental findings are embedded into a discus¬ 
sion about the validity of the Hodgkin-Huxley model, and the 
possibility of the existence of thermodynamic phenomena. 
Both the mechanical changes reported here, and the thermal 
changes described in the introduction, are in fact not included 
in the Hodgkin-Huxley model as it is presently understood. 
One has to distinguish between the HH-model from 1952 © 
(or modern adaptations of it as in (f30V ) that is written in a 
precise mathematical language and a broader electrochemical 
viewpoint loosely referring to the function of ion channels. 
The Hodgkin-Huxley model itself does not explicitly contain 
either mechanical changes or temperature changes. The only 
thermodynamic term in the HH equation is the charging of 
a capacitor with constant capacitance. The latter ad hoc as¬ 
sumption excludes the possibility of mechanical changes in 
the HH-model, because a thickness change of the membrane 
will by necessity lead to changes in its capacitance. There¬ 
fore, the HH-model cannot be complete. An electrochemi¬ 
cal theory that quantitatively contains the mechanical changes 
and the temperature changes does not yet exist. The implica¬ 
tions of the mechanical and thermal findings are discussed in 
depth in Appendices A and B. 

The reversible heat changes discussed in the introduction 
are not consistent with the Hodgkin-Huxley model either be¬ 
cause 1. the magnitude of the heat change is too large (by at 
least a factor of two ) and 2. because a heat change at the site 
of the membrane will only be positive upon discharge of the 
membrane capacitor, but not negative upon charging. This 
was pointed out by Howarth et al. ®. Heat changes are dis¬ 
cussed in more detail in Appendix B. 

In his textbook from 1964 Alan L. Hodgkin recommended: 
”In thinking about the physical basis of the action potential 
perhaps the most important thing to do at the present moment 
is to consider whether there are any unexplained observations 
which have been neglected in an attempt to make the experi¬ 
ments fit into a tidy pattern ” ©■ Hodgkin was especially 
concerned about the temperature changes measured during 
the action potential ([8}. While Hodgkin’s concerns reflect 
good scientific praxis, neither the measurement of heat nor 
mechanical changes associated with the action potential have 
received the attention that they merit. Here, we have demon- 
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strated that mechanical signals in individual axons from lob¬ 
ster connectives propagate in phase with electrical signals. 
This is in agreement with very early recordings in squid by 
Iwasa and Tasaki css. The vertical amplitudes vary from 
0.2-1.2 nm. We have also shown that in our nerve prepara¬ 
tion pulses traveling in opposite directions pass through each 
other without significant distortion. This is expected for elec¬ 
tromechanical pulses or solitons. It is, however, unexpected 
within the framework of a Hodgkin-Huxley mechanism (see 
also (fl9l l'). There exists one old (somewhat unclear) paper 
from 1949 d26l > that reported pulse annihilation in single ax¬ 
ons from the sciatic nerve of toads. To our knowledge, this 
is the only other study besides ( fl9l ) and the present study in¬ 
vestigating pulse collisions in a single axon. Since we report 
on a different nerve, we cannot claim that this is not possible. 
However, it would be interesting to study the origin of the 
deviating result in different preparations. While our findings 
do not prove any particular mechanism for the action poten¬ 
tials, they do suggest that it is advisable to study changes in 
thermodynamic variables in addition to voltage and current. 

Recently, there have been various reports, both theoreti¬ 
cal and experimental, regarding the possibility of mechanical 
pulse propagation in artificial systems close to transitions and 
in nerves (14] |6 [TT. ED 122] !31 14331 ). Heimburg and Jack- 
son dT4b argued that, close to the phase transitions found in 
biological tissue, electromechanical solitons with properties 
similar to those of the action potential can travel along the 
nerve axons. El Hady and Machta d25t recently argued that, 
in general, the change of charge on the membrane capacitor 
leads to electrostrictive forces that must alter the membrane 
dimensions (see also (fl8l >l. In (l34l > it was shown that such 
an electromechanical picture can provide important insights 
regarding the mechanism of general anesthesia, which is then 
seen as the familiar physical chemical effect of anesthetics on 
melting transitions in biomembranes. It seems likely that the 
neglect of non-electrical effects has been motivated by the 
relatively narrow and exclusively electrical focus of the ac¬ 
cepted framework provided by Hodgkin and Huxley (O. The 
study of the mechanical nature of the nerve pulse promises 
important insights into the underlying thermodynamic nature 
of the action potential and its control by thermodynamic vari¬ 
ables distinct from voltage. 
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Appendix 

Changes in membrane thickness in the HH- 
model and the soliton theory 

Any voltage applied across a membrane will change the mem¬ 
brane dimensions (fl8l[25ll35l) . Furthermore, any dimensional 
change of the membrane will change its capacitance ©. 
This effect is called piezoelectricity or electrostriction. It is 
independent of the origin of the voltage change. Thus, volt¬ 
age changes introduced by currents through a protein as as¬ 
sumed in the Hodgkin-Huxley model can also induce thick¬ 
ness changes. This statement, however, does not imply that 


such mechanical changes are contained in the HH-model or 
even consistent with it. The differential equation describing 
pulse propagation in the Hodgkin-Huxley model is given by 


a d 2 V 
Wi~dx^ 


dV 
m dt 


+ Y,9i(V-E i ) . 

i 


(i) 


Here, a is the radius of the axon, Ri is the specific resistance 
of the internal medium, the g,; are the conductances of the 
membrane for ion species i and the E, are the corresponding 
Nernst potentials. I c = C m (dV/ dt) is the capacitive cur¬ 
rent assuming constant capacitance C m . However, if mem¬ 
brane dimensions can change, the capacitive current is cor¬ 
rectly given by 


j -c w + v^. 

lc ~ Cm dt + dt 


( 2 ) 


Only the second term on the right hand side allows for di¬ 
mensional changes of the membrane. One might hope that 
this term was small and could be neglected. However, as 
shown in ( fl8] l. a change in membrane thickness such as the 
one observed here leads to a change in capacitance of «50%. 

A quick back-of-the-envelope estimate suggests that the two 
terms of eq. 0 have a roughly equal order of magnitude. 
This means that the second term cannot be neglected. Thus, 
the HH model is at least incomplete. It contains neither the 
possibility of changes in capacitance, nor electrostrictive forces, 
nor any other work term not contained in the charging of a 
capacitor with constant capacitance. If capacitance changes 
were allowed, the HH equations would assume a different 
form. In particular, the second term of eq. Q and the elas¬ 
tic constants of the membrane would have to be introduced. 
This requires a thermodynamic theory for the changes in ca¬ 
pacitance. This is clearly not contained in the present under¬ 
standing of the HH-model, and this problem is not easily fixed 
without introducing detailed knowledge about the thermody¬ 
namics of the membrane. In contrast, the soliton model takes 
precisely such matters into account since it is a hydrodynamic 
theory based on the changes of the elastic constants and di¬ 
mensional changes of the membrane during the nervous im¬ 
pulse. The soliton model therefore provides a thermodynamic 
basis for the changes in capacitance and for piezoelectricity. 
Since the membrane capacitance changes proportionally with 
the membrane thickness, voltage changes will be proportional 
to the membrane thickness. This is the case for the data re¬ 
ported here, but not for the data by Iwasa & Tasaki @0. 

Throughout our text we refer to eq. 0 when we dis¬ 
cuss the Hodgkin-Huxley model. It represents a very specific 
mindset with well-defined mathematics. There exist modem 
adaptations for more complicated scenarios (f30l) that also as¬ 
sume constant capacitance. We do not refer to more gen¬ 
eral pictures of the nerve membrane somehow containing ion 
channels that are not associated to a clearly worked-out math¬ 
ematical form. 


Heat production in nerves 

One of the striking properties of the nerve pulse is the ob¬ 
servation of reversible heat production during the action po¬ 
tential. A first phase of heat release is followed by a second 
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phase of heat reabsorption of nearly equal magnitude. We dis¬ 
cuss below how heat exchange arises in the Hodgkin-Huxley 
model and in the soli ton model. We further argue that the 
heat changes are inconsistent with the HH model but con¬ 
sistent with a view where the action potential consists of an 
adiabatic pulse in the membrane. 

Hodgkin and Huxley (jZ|) modelled the nerve by equivalent cir¬ 
cuits containing resistors (the ion channels), capacitors (the 
membrane) and a battery (the concentration differences of 
Na+ and K+ ions between inside and outside). In such an 
electrical view, the resistors heat up when a current flows 
independent of the direction of the currents (Joule heating). 
There is no mechanism to cool the membrane. Looking at 
thermodynamic analogues of the HH-model, the charging and 
discharging of a capacitor is caused by the flow of ions from 
on side to the other, which can be considered as ideal gases 
that expand through semipermeable walls. The expansion 
of an ideal gas does not lead to a change in the energy of 
the ions. Therefore, the work W done by the ions on the 
capacitor is equivalent to the heat Q that is absorbed from 
the reservoir (W=-Q). Thus, the charging of a capacitor leads 
to the absorption of heat from the reservoir that is exactly 
equal to the free energy on the capacitor \C m (V — V o) 2 (35). 
Upon discharging the capacitor, this heat is released locally 
at the site of the membrane. Thus, as expected for an ideal 
gas, when reversible work is done on a nerve, there is no net 
heat production after the pulse. This scenario, called the con¬ 
denser theory was discussed in depth by ©. They made a de¬ 
tailed summary of their findings and concluded amongst oth¬ 
ers: ” The condenser theory, according to which the positive 
heat represents the dissipation of electrical energy stored in 
the membrane capacity, while the negative heat results from 
the recharging of the capacity, appears unable to account for 
more than half of the observed temperature changes.” This 
implies that the observed heat changes are simply too large 
to be consistent with the charging of the membrane alone. In 
the condenser theory, the heat is absorbed in the bulk (i.e., the 
battery) but released locally. Therefore, the condenser theory 
is not isentropic, and the membrane itself is not adiabatic on 
the time scale of the nerve pulse. A thermocouple placed di¬ 
rectly on the membrane would see an increase of the temper¬ 
ature upon discharge of the capacitor but no decrease in tem¬ 
perature upon charging it as a consequence of ion flows. It is 
essential in these thermodynamic analogies to the HH-model 
that the changes of ion-concentrations in the bulk provide the 
energy for charging the membrane, and not some energy of 
the membrane itself. It should also be noted, that the ther¬ 
modynamic reinterpretation of the HH-model made above is 
not identical to the HH-model because the latter is based on 
equivalent circuits. I.e., it is a purely electrical theory. 

Howarth et al. conclude that "It seems probable that the 
greater part of the initial heat results from changes in the 
entropy of the nerve membrane when it is depolarized and re¬ 
polarized”. This is in fact the view of the soli ton model. It 
requires a density change of the membrane from a liquid to 
a solid state of the membrane. During the first phase of the 
pulse, the latent heat of the transition is released into the en¬ 
vironment of the nerve membrane. During the second phase, 
the membrane returns to the liquid state, and the latent heat 
is reabsorbed. This is exactly the chain of events seen in 


experimental heat recordings. In (l~i~4t ), the transient heat re¬ 
leased during the action potential was explained be the en¬ 
ergy change of the membrane during a compression. It was 
found that the heat release is qualitatively and quantitatively 
consistent with the heat recordings by d MTTIl . In the soliton 
model, the reversible heat release is due to the work neces¬ 
sary to compress a charged membrane. Thus, it contains both 
the charging of the capacitor and the mechanical work per¬ 
formed in order to change the membrane density. Since the 
physiological membrane is in its liquid state slightly above 
a melting in the membrane, the soliton model requires that 
local cooling of the membrane from physiological tempera¬ 
ture is able to trigger a nerve pulse, while heating inhibits 
the nerve pulse. This was in fact found by ([36i >. The au¬ 
thors argued that this provides evidence in favor of a phase 
transition in the membrane. In contrast, a more recent study 
reported that heating by infrared pulses can trigger nerve ac¬ 
tivity (Ell. The authors explained this effect rather by heating 
of the electrolyte (rather than of the membrane) and a subse¬ 
quent change in the electrostatics of the electric double layer. 
They suggested that the heating of the buffer generates a volt¬ 
age change triggering a pulse. Thus, these two studies may 
well address different phenomena. 
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